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Heterochromatic loci are often assembled into
higher-order heterochromatin bodies in diverse
eukaryotes. However, the formation and biological
roles of heterochromatin bodies are poorly under-
stood. In the ciliated protozoan Tetrahymena, de
novo heterochromatin body formation is accom-
panied by programmed DNA elimination. Here, we
show that the heterochromatin body component
Jub1p promotes heterochromatin body formation
and dephosphorylation of the Heterochromatin
Protein 1-like protein Pdd1p. Through the muta-
genesis of the phosphorylated residues of Pdd1p,
we demonstrate that Pdd1p dephosphorylation
promotes the electrostatic interaction between
Pdd1p and RNA in vitro and heterochromatin
body formation in vivo. We therefore propose that
heterochromatin body is assembled by the
Pdd1p-RNA interaction. Pdd1p dephosphorylation
and Jub1p are required for heterochromatin body
formation and DNA elimination but not for local
heterochromatin assembly, indicating that hetero-
chromatin body plays an essential role in DNA
elimination.
INTRODUCTION
Heterochromatin is a closed and mostly transcriptionally
repressed state of chromatin, which is dictated by a set of post-
translational histone modifications (Jenuwein and Allis, 2001;
Kouzarides, 2007). Hypoacetylation of histone tails maintains
closed configuration of heterochromatin by exposing positively
charged lysine (Lys) and stabilizing histone-DNA interactions
(Mutskov et al., 1998). Methylated histone H3 at Lys 9 (H3K9me)
recruitsHeterochromatin Protein 1 (HP1),which self-oligomerizes
to facilitate compactionof nucleosomearrays (Canzio et al., 2011;
Cowieson et al., 2000). Similarly, methylated histone H3 at Lys 27
(H3K27me) attracts Polycomb Repressive Complex 1 (PRC1),
and PRC1-DNA and PRC1-PRC1 interactions compact chro-
matin (Eskeland et al., 2010; Grau et al., 2011).
In certain cell types, multiple heterochromatic loci are assem-
bled into aggregated higher order structures called hetero-
chromatin bodies (Politz et al., 2013). In mammals to plants,Developmeconstitutive heterochromatin loci at centromeric and other repet-
itive sequences are organized into heterochromatin bodies
called chromocenters (Fransz and de Jong, 2002; Probst and
Almouzni, 2011). Chromocenters are condensed their underlying
sequences that are tightly silenced in differentiated mammalian
cells, whereas they are more dispersed and transcribed in
embryonic stem cells and in some cancer cells (Carone and Law-
rence, 2013; Efroni et al., 2008; Zhu et al., 2011). In female
mammalian somatic cells, a whole X chromosome forms a het-
erochromatin body, called the Barr body, which is suggested
to be important for X inactivation (Deng et al., 2014). Moreover,
in human senescent cells, heterochromatic loci are reorganized
into senescence-associated heterochromatin foci (SAHF), which
are proposed to be a part of the tumor suppressor pathway
(Narita, 2007). Because SAHF are formed without detectable
alterations of underlying histone modifications (Chandra et al.,
2012), SAHF formation per se is likely involved in gene regulation.
These examples indicate that, in addition to the compaction of
individual heterochromatic loci, their assembly into heterochro-
matin bodies may play important roles in regulating chromatin
activities. However, because there is no intervention system in
which heterochromatin body formation is disturbed without
altering local heterochromatin, whether and to what extent het-
erochromatin body contributes to the regulation of the underly-
ing sequences remain unknown.
Heterochromatin and heterochromatin bodies are formed dur-
ing the process of programmed DNA elimination in Tetrahymena
thermophila (Chalker, 2008). Like most ciliated protozoans,
Tetrahymena harbors two types of nuclei in a single cell: the tran-
scriptionally inactive germline micronucleus (MIC) and the tran-
scriptionally active somatic macronucleus (MAC). Nutritional
starvation induces sexual reproduction, called conjugation (Fig-
ure 1A), in which the MIC undergoes meiosis and its zygotic
products produce both new MIC and new MAC for progeny,
whereas the parental MAC is degraded. In the new MAC, more
than 8,000 internal eliminated sequences (IESs), which consist
of one-third (50 Mb) of the MIC genome, many of which are
related to transposons, are removed by programmed DNA elim-
ination (Chalker and Yao, 2011; Coyne et al., 2012; Kataoka and
Mochizuki, 2011). An RNAi-related mechanism recruits the
H3K9 and H3K27 dual-specific methyltransferase Ezl1p to IESs,
resulting in the accumulation of H3K9/K27me and their binding
HP1-like protein Pdd1p (Aronica et al., 2008; Liu et al., 2007;
Taverna et al., 2002). During or prior to DNA elimination, thou-
sands of heterochromatinized IES loci are organized into several
electron-dense heterochromatin bodies (Madireddi et al., 1996)
(see also Figure 1C). The heterochromatinized IESs are eventuallyntal Cell 35, 775–788, December 21, 2015 ª2015 The Authors 775
Figure 1. Identification of Heterochromatin
Body Components
(A) A single Tetrahymena thermophila cell pos-
sesses a MAC (a) and a MIC (i). During vegetative
growth, these nuclei divide and are segregated
independently into daughter cells. Nutritional star-
vation induces the conjugation of two cells carrying
different mating types. In the early conjugation
stage (1–4 hpm), the MICs undergo meiosis. In
the mid-stage, one of the meiotic products is
exchanged between the cells (5 hpm) and fuses
with the stationary meiotic product to form a zy-
gotic nucleus (6 hpm), which then divides twice to
form two newMACs and twoMICs (7 hpm). At the
late-stage, the new MACs (na) are enlarged
(8 hpm). The pair is dissolved and the parental
MAC (pa) and one of the MICs are degraded in the
exconjugants (12–16 hpm). The exconjugants
resume vegetative growth when nutrients are
available.
(B) Summary of the screen for heterochromatin
body components.
(C) WT cells at 10, 12, 14, and 16 hpm were hy-
bridized with a probe complementary to the Tlr1
element (green) and stained with an anti-Pdd1p
antibody (red). DNA was stained with DAPI (blue).
Arrowheads indicate the MIC (i), the newMAC (na),
and the parental MAC (pa). The scale bars repre-
sent 10 mm.
(D) Exconjugants expressing the indicated proteins
tagged with EGFP (green) and Pdd1p-mCherry
(red) were counterstained with DAPI (blue). Ar-
rowheads indicate the new MACs (na). All pictures
share the scale bar, representing 10 mm.
See also Figure S1.excised by the domesticated transposase Tpb2p (Cheng et al.,
2010; Vogt and Mochizuki, 2013).
Because DNA elimination in Tetrahymena occurs during the
course of inducible conjugation, it serves as an ideal model to
analyze the process of heterochromatin body formation. Here,776 Developmental Cell 35, 775–788, December 21, 2015 ª2015 The Authorswe show identification and functional
analyses of the heterochromatin body
component Jub1p, which suggest that
the heterochromatin body is assembled
by phosphorylation-mediated electro-
static regulation of RNA-Pdd1p interac-
tion and is essential for DNA elimination.
RESULTS
Identification of Proteins that
Localize to Nuclear Foci in the
New MAC
To identify proteins involved in the as-
sembly of heterochromatin bodies in
Tetrahymena, we performed a protein
localization screen to identify heterochro-
matin body components. Because most
of the reported heterochromatin body
components are exclusively expressed
during conjugation (Chalker, 2008), weanalyzed 86 genes with expressed sequence tags only in conju-
gating cells. Each gene was engineered to express a fusion
protein with EGFP from its endogenous MAC locus (Figure S1A,
top), and its localization was observed in exponentially growing,
starved, and conjugating cells.
The screen is summarized in Figure 1B, and detailed data can
be found in Data S1. For 67 genes, EGFP-tagged proteins were
detected at least in one of the stages analyzed, and 46 of
them showed conjugation-specific expression. Among them,
36 were detected in at least one nucleus, and 25 of these local-
ized to the new MAC. Importantly, 8 of the new MAC-localizing
proteins were detected in nuclear foci at the late (14 hr post-mix-
ing [hpm]) stage.
Nuclear Foci Proteins Identified Are Heterochromatin
Body Components
To localize heterochromatin body, we first validated the HP1-like
protein Pdd1p as a marker. Pdd1p, which was immunofluores-
cently stained by an anti-Pdd1p antibody, and the moderately
repeated IES element Tlr1 (Wuitschick et al., 2002), which was
detected by DNA fluorescence in situ hybridization (DNA-
FISH), were first distributed homogeneously in the new MAC at
the onset of new MAC differentiation (Figure 1C, 10 hpm). They
then gradually accumulated into several foci at later stages (Fig-
ure 1C, 12–14 hpm) and eventually disappeared (Figure 1C, 16
hpm). Because Pdd1p and the Tlr1 IESs co-localized in the
same foci (Figure 1C, 14 hpm), Pdd1p can be used as a marker
for IES-containing heterochromatin bodies. Counterintuitively,
the heterochromatin bodies were poorly stained with DAPI (Fig-
ure 1C, 14–16 hpm). However, because the heterochromatin
bodies were stained intensely with an anti-DNA antibody
(Figure S1B), we believe that DNA is concentrated in the hetero-
chromatin bodies but DNA there has a low affinity for DAPI for an
unknown reason.
We then compared the localization of mCherry-tagged Pdd1p
to those of the eight foci-forming proteins tagged with EGFP
(Figure S1A). All of these foci-forming proteins co-localized
with Pdd1p-mCherry at 14 hpm (Figure 1D), indicating that
they are heterochromatin body components. Three of them,
Coi3p, Coi6p, and Coi16p, were partially characterized previ-
ously (Woehrer et al., 2015). The other five proteins were named
Junk Buster 1–5 (Jub1p–5p) (Figure 1D). Jub5p was reported
during the course of this study and also called Tcd1p (Xu et al.,
2015). Coi6p and Jub5p are HP1-like proteins. Jub3p is a
WD40 repeat protein similar to a component of PRC2 in meta-
zoans. The other proteins show no detectable similarities with
any known proteins outside of the genus Tetrahymena. In this
study, we report the further characterization of Jub1p.
Jub1p Is a Heterochromatin Body Component
We raised an antibody against Jub1p. By western blot, the anti-
body detected a protein appearing only during the late conjuga-
tion stages in wild-type cells (Figure 2A). This expression pattern
is consistent with that of JUB1 mRNA (Figure S2A). Moreover,
the protein was not detected in JUB1 knockout (KO) cells (see
below for construction of JUB1 KO cells) by both western blot
(Figure 2B) and immunofluorescent staining (Figure 2C,
DJUB1). We therefore conclude that the antibody specifically
recognizes Jub1p.
Next, the localizations of Jub1p and Pdd1p were compared by
immunofluorescent staining using the anti-Jub1p and an anti-
Pdd1p antibody in wild-type (WT) cells (Figure 2C, WT). Jub1p
and Pdd1p localized to the new MACs (‘‘na’’ in Figure 2C) right
after MAC enlargement (8 hpm). They were first distributed uni-Developmeformly in the new MAC (8–10 hpm) but then gradually accu-
mulated into foci at later stages (12–14 hpm). Subsequently,
the Jub1p foci became smaller (16 hpm) and disappeared
when the Pdd1p-positive heterochromatin body was eliminated
(18 hpm).
Jub1p Is Required for Heterochromatin Body Assembly
We established gene KO strains for JUB1, in which the entire
JUB1 protein-coding sequence in both the MAC and the MIC
were replacedwith a drug resistance gene, whichwas confirmed
by genomic PCR (Figure 2D) and by northern blot (Figure S2B).
We analyzed heterochromatin body formation and the turn-
over process by categorizing exconjugants (progeny dissolved
pairing) into three stages on the basis of the localization of
Pdd1p (Figure 2E, top): in stage 1, Pdd1p is localized either
homogeneously or in small puncta with continuous localization
throughout the new MAC; in stage 2, Pdd1p is localized in
discrete foci (heterochromatin bodies) with no detectable
Pdd1p in the space between them; in stage 3, Pdd1p disappears
completely. Approximately half of the exconjugants from WT
cells were either in stage 1 or stage 2 at 12 hpm, and more
than 80% of the exconjugants were in stage 3 at 15 hpm (Fig-
ure 2E, WT). By contrast, all exconjugants from the JUB1 KO
cells were in stage 1 even at 21 hpm (Figure 2E, DJUB1). There-
fore, we conclude that Jub1p is required for heterochromatin
body formation.
Jub1p Is Dispensable for the Establishment of
Heterochromatin on IESs
Heterochromatin body formation can be disrupted by inhibiting
either the establishment of heterochromatin on individual IESs or
the aggregation of the multiple heterochromatinized IES loci. To
determine which of these processes is disrupted in the absence
of Jub1p, heterochromatin assembly on IESs was analyzed.
We first analyzed two heterochromatin-associated histone
modifications, H3K9me3 and H3K27me3, by immunofluores-
cent staining using an anti-H3K9me3 and an anti-H3K27me3
antibody, respectively. These modifications were accumulated
similarly in the new MACs of WT and JUB1 KO cells at 8 hpm
(Figures 3A and S3A). At 14 hpm, these modifications were
localized in the Pdd1p-positive heterochromatin bodies in WT
cells, but remained homogeneously distributed in the new
MACs in JUB1 KO cells (Figures 3B and S3B). These results indi-
cate that in the new MAC of JUB1 KO cells, heterochromatin is
formed but not assembled into heterochromatin bodies.
We further analyzed the heterochromatin formation by chro-
matin immunoprecipitation (ChIP) followed by high-throughput
DNA sequencing (ChIP-seq). We purified new MACs by fluores-
cence-activated cell sorting (FACS) from cells at 12 hpm, when
most IESs remain in the new MAC chromosomes in WT cells
(Austerberry et al., 1984). As previously shown for a few IESs
by ChIP-PCR (Chung and Yao, 2012; Liu et al., 2007; Taverna
et al., 2002), our ChIP-seq analysis using an anti-Pdd1p antibody
showed that inWT cells, Pdd1p was accumulated onmost of the
IESs in a representative 100 kb MIC genome locus (Figure 3C,
left) as well as on a modeled IES in which all predicted 1–5 kb
IES loci (5,606 loci total) were compiled (Figure 3C, right). In
JUB1 KO cells, Pdd1p was enriched normally on IESs (Fig-
ure 3D). Altogether, we conclude that Jub1p is not required forntal Cell 35, 775–788, December 21, 2015 ª2015 The Authors 777
Figure 2. Jub1p Is Required for Heterochromatin Body Formation
(A and B) Exponentially growing (E), starved (0 hpm), or conjugating (2–20 hpm) WT cells (A) and WT (W) and JUB1 KO (D) cells at late-conjugation stages
(8–12 hpm) (B) were analyzed by western blot using an anti-Jub1p and an anti-a-Tubulin (a-Tub) antibody.
(C) WT and JUB1 KO (DJUB1) cells at the indicated time points were stained with an anti-Jub1p (red) and an anti-Pdd1p (green) antibody. DNA was stained with
DAPI (blue). Arrowheads indicate the MIC (i), new MAC (na), and parental MAC (pa). The scale bars represent 10 mm.
(D) The JUB1 locus inWT and JUB1KO (DJUB1) cells are schematically shown at the top. Replacement of the JUB1 coding with neo4was confirmed by genomic
PCR using the primers (arrows).
(E) Three stages of heterochromatin body formation (stage 1, pre-heterochromatin body; stage 2, heterochromatin body; stage 3, post-heterochromatin body)
according to Pdd1p localization (green). DNA was stained with DAPI (magenta). The scale bars represent 2 mm. Exconjugants (n = 200) at 12, 15, 18, and 21 hpm
from WT and JUB1 KO cells were analyzed, and the averaged fractions from two independent experiments are shown.
See also Figure S2.the proper formation of heterochromatin on IESs but is involved
directly in heterochromatin body formation.
Heterochromatin Is Important for the IES Localization of
Jub1p
We performed ChIP-seq using the anti-Jub1p antibody and
found that Jub1p was enriched on IESs in WT cells (Figure 3E).
Because Jub1p has no obvious chromatin binding domains,
it probably localizes on IESs through interaction with other
heterochromatin components. Heterochromatin is mostly dis-
rupted in the absence of the core heterochromatin component778 Developmental Cell 35, 775–788, December 21, 2015 ª2015 ThePdd1p, which interacts with H3K9me3 and H3K27me3 and
is required for the stable accumulation of these histone
modifications (Liu et al., 2007; Taverna et al., 2002). We
found that Jub1p was less enriched on IESs in PDD1 KO cells
than in WT cells (Figure 3F). This was not due to an overall
reduction or aberrant cellular localization of Jub1p, because
Jub1p accumulated normally (Figure 3G) and localized to
the new MAC (Figure 3H) in PDD1 KO cells. Therefore, we
conclude that Pdd1p or a Pdd1p-dependent heterochromatin
structure is important for the efficient recruitment of Jub1p
to IESs.Authors
Figure 3. Jub1p Is Required for DNA Elimination but Not for Local Heterochromatin Establishment
(A and B) WT and JUB1 KO (DJUB1) cells at 8 hpm (A) and 14 hpm (B) were stained with an anti-H3K9me3 (green) and an anti-Pdd1p (red) antibody. DNA was
stained with DAPI (blue). Arrowheads indicate the MIC (i), new MAC (na), and parental MAC (pa). The scale bars represent 10 mm.
(C–F) Fragmented chromatin from the newMACs fromWT (C and E), JUB1KO (DJUB1) (D) orPDD1KO (DPDD1) (F) cells at 12 hpmwas immunoprecipitated with
an anti-Pdd1p (C and D) or an anti-Jub1p (E and F) antibody. ChIP-seq reads weremapped to a 100 kb representativeMIC locus (left; LMR locus) or to amodeled
IES locus (right), which consisted of all predicted 1 to 5 kb IESs (red) and their flanks (blue). Fold enrichment relative to input is shown.
(G) Proteins from WT and PDD1 KO (DPDD1) cells at 12 hpm were analyzed by western blot with an anti-Jub1p, anti-Pdd1p, and anti-a-Tubulin antibody.
(H) PDD1 KO cells at 8 and 14 hpmwere stained with an anti-Jub1p (green) and an anti-Pdd1p (red) antibody, and DNAwas stained with DAPI (blue). Arrowheads
indicate the MIC (i), new MAC (na), and parental MAC (pa). The scale bar represents 10 mm.
(I) WT and JUB1 KO (DJUB1) cells at 36 hpm were hybridized with probes complementary to Tlr1 or REP2 (green). DNA was stained with DAPI (magenta).
Arrowheads indicate the MIC (i) and new MAC (na). The scale bar represents 5 mm.
(J–M) RIs were calculated (J) for individual IESs in the new MACs from WT (K), JUB1 KO (L), and TWI1 KO (M) at 36 hpm. Red horizontal line indicates RI = 1
(no elimination).
See also Figure S3.Jub1p Is Required for DNA Elimination and the
Production of Viable Sexual Progeny
We next analyzed DNA elimination by DNA-FISH using probes
complementary to the two moderately repeated IESs Tlr1 and
REP2 (Fillingham et al., 2004; Wuitschick et al., 2002). At 36
hpm, both of the IESs were detected in the new MICs but not
in the new MACs in the exconjugants from WT cells (Figure 3I,
WT). By contrast, all exconjugants from JUB1 KO cells showedDevelopmestaining for these IESs in the new MACs (Figure 3I, DJUB1), indi-
cating that Jub1p is indispensable for DNA elimination of at least
the Tlr1 and REP2 IESs.
To assess DNA elimination genome wide, we purified the new
MACs from exconjugants at 36 hpm by FACS and analyzed their
genomic DNA by high-throughput sequencing. As a reference,
we also analyzed purified MICs from vegetative WT cells. As a
measure for DNA elimination, a retention index (RI) (Figure 3J)ntal Cell 35, 775–788, December 21, 2015 ª2015 The Authors 779
Figure 4. Pdd1p Dephosphorylation Is Inhibited in JUB1 KO Cells
(A) Proteins from WT, WT-rescue, and JUB1 KO (DJUB1) cells in conjugation
(4–16 hpm) were analyzed by western blot with an anti-Pdd1p antibody.
Phosphorylated (phos) and unphosphorylated (unphos) Pdd1p are indicated.
a-Tubulin (a-Tub) was analyzed as a control.
(B andC) Lysates fromWT cells at 10 hpm (B) and JUB1KO (DJUB1) cells at 16
hpm (C) were treated with (+) or without () alkaline phosphatase and analyzed
as in (A).
(D) Conjugating WT cells were treated from 7.5 hpm with (+) or without () OA,
harvested at indicated time points, and analyzed as in (A).
(E) Cells were treated as in (D) and stained at 14 hpm with anti-Pdd1p (red)
and anti-H3K9me3 (green) antibody. DNA was stained with DAPI (blue).
780 Developmental Cell 35, 775–788, December 21, 2015 ª2015 Thewas calculated for each IES by dividing the normalized number
of reads mapping to an IES from the new MAC sample by those
from the reference MIC samples. In the WT new MACs, RIs of
most of the IESs were 0.001—0.1 (Figure 3K). Although, in the-
ory, RIs of all IESs should be 0 in WT cells, MIC contamination
(2%–10%) in our new MAC preparations probably made the
RI higher. By contrast, in the new MACs from JUB1 KO cells,
most of the IESs had RIs of approximately 1 (Figure 3L), indi-
cating that most, if not all, IESs are retained in the new MAC in
the absence of Jub1p. A similar IES elimination defect was de-
tected in TWI1 KO cells (Figure 3M), in which the RNAi-mediated
pathway required for heterochromatin formation is disrupted (Liu
et al., 2004; Mochizuki et al., 2002). Altogether, we conclude that
Jub1p is essential for the elimination of IESs genome wide.
Consistent with previous reports that DNA elimination is
required for the production of viable sexual progeny (Cheng
et al., 2010; Horrell and Chalker, 2014; Mochizuki et al., 2002; Ni-
kiforov et al., 1999), JUB1 KO cells produced no viable sexual
progeny, whereas approximately 60% of WT mating pairs pro-
duced viable progeny (Figure S3C).
Jub1p Facilitates Dephosphorylation of Pdd1p
In WT cells, at least three differently migrating Pdd1p species
were detected by western blot using an anti-Pdd1p antibody
at 8 hpm (Figure 4A, WT). As previously reported (Madireddi
et al., 1996), all slower migrating Pdd1p disappeared after
alkaline phosphatase treatment (Figure 4B), indicating that they
were phosphorylated Pdd1p. From 10–14 hpm, these phos-
phorylated Pdd1p gradually diminished and unphosphorylated
Pdd1p increased (Figure 4A, WT). We determined whether this
phosphorylated-to-unphosphorylated (phos-unphos) transition
is attributable todephosphorylation ofPdd1por instead todegra-
dation of phosphorylated Pdd1p accompanied by de novo syn-
thesis of unphosphorylated Pdd1p. To this aim, we analyzed
Pdd1p from the WT PDD1 gene that was introduced into the
parental MAC of PDD1 KO cells (WT-rescue). Although PDD1
mRNA was expressed until 12 hpm in WT cells (Figure S4A), it
was barely detected after 10 hpm in the WT-rescue cells (Fig-
ure S4B, WT-rescue). Even in these WT-rescue cells, in which
little de novo Pdd1p synthesis was expected after 10 hpm, the
phos-unphos transition of Pdd1p occurred between 10 and 12
hpm without a significant reduction in total Pdd1p (Figure 4A,
WT-rescue). We therefore conclude that the phos-unphos transi-
tion of Pdd1p is mainly caused by dephosphorylation of Pdd1p.
Because the Pdd1p dephosphorylation coincides with hetero-
chromatin body formation (Figures 1C and 2C) and because
Jub1p is required for the formation of heterochromatin bodies
(Figures 2E and 3B), we hypothesized that Jub1p directs het-
erochromatin body formation by promoting Pdd1p dephos-
phorylation. We therefore determined if Jub1p is required for
the dephosphorylation of Pdd1p. At 8 hpm, similar amounts of
slower migrating Pdd1p species were detected in WT and
JUB1KO cells (Figure 4A). However, in later stages, these slowerArrowheads indicate the MIC (i), new MAC (na), and parental MAC (pa). The
scale bars represent 10 mm.
(F) Cells were treated as in (D), and heterochromatin body in exconjugants (n =
200) were analyzed as in Figure 2E.
See also Figure S4.
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migrating Pdd1p species did not decline in JUB1 KO cells, and
additional slower migrating species appeared (Figure 4A,
DJUB1; 10–16 hpm). All the slower migrating species in JUB1
KO cells disappeared after alkaline phosphatase treatment
(Figure 4C), confirming that they were phosphorylated Pdd1p.
Jub1p has no identifiable phosphatase-related domain. There-
fore Jub1p facilitates the dephosphorylation of Pdd1p most
likely by recruiting some phosphatase(s).
Inhibition of Pdd1p Dephosphorylation Disturbs
Heterochromatin Body Formation
To test the importance of the dephosphorylation of Pdd1p,
we treated cells with Okadaic acid (OA), an inhibitor for serine
(Ser)/threonine (Thr) protein phosphatase 1 and 2A. From
7.5 hpm, just before the highest level of Pdd1p phosphorylation
was observed (Figure 4A), conjugating WT cells were incubated
with OA. The phosphorylated Pdd1p species remained at least
till 16 hpm with OA (Figure 4D, OA+), while they were mostly dis-
appeared by 12 hpm without OA (Figure 4D, OA), indicating
that OA inhibits the dephosphorylation of Pdd1p. In the OA-
treated cells, Pdd1p and H3K9me3 were accumulated in the
new MAC (Figure 4E), but cells showing heterochromatin body
(stage 2) were greatly reduced (Figure 4F). Moreover DNA-
FISH analyses for Tlr1 and REP2 IESs showed that most (63%
for Tlr1, 87% for REP2) of the OA-treated cells did not finish
DNA elimination (Figure S4C). These results are consistent with
the idea that Pdd1p dephosphorylation promotes heterochro-
matin body formation.
Pdd1p Is Mostly Phosphorylated in Unconserved
Regions
Although the data above suggest that the dephosphorylation of
Pdd1p facilitates heterochromatin body formation, it is also
possible that the loss of Jub1p and the OA treatment inhibit het-
erochromatin body formation independently of Pdd1p dephos-
phorylation. Therefore, we aimed to analyze the role of Pdd1p
dephosphorylation by directly mutating the phosphorylated res-
idues of Pdd1p. For this purpose, we identified the phosphory-
lated residues of Pdd1p. Pdd1p was immunoprecipitated from
WT cells at 8 hpm, when the highest phosphorylation level of
Pdd1p was observed (Figure 4A), and mass spectrometry ana-
lyses detected 31 phosphorylated Ser/Thr residues in Pdd1p.
Another study has identified 10 phosphorylated Ser/Thr residues
in Pdd1p (Tian et al., 2014), 2 of which were not identified in
our analysis. Therefore, in total, 33 phosphorylated residues
of Pdd1p have been identified (Figure 5A, open circles). Pdd1p
has 2 chromodomains (CD1 and CD2) and a chromoshadow
domain (CSD) (Callebaut et al., 1997), and most (31 of 33) of
the identified residues are located in the N-terminal and hinge
regions outside of these domains.
Experimental System to Analyze In Vivo Function of
Pdd1p
To analyze the function of different Pdd1pmutants in vivo, we es-
tablished a system in which the KO loci in the MAC of PDD1 KO
cells were replaced by constructs expressing PDD1 genes from
the endogenous PDD1 promoter (Figure 5B). We validated this
system by expressing WT Pdd1p (WT-rescue; Figures 5B and
S5A). These WT-rescue strains formed heterochromatin bodiesDevelopmecontaining Pdd1p and H3K9me3 in the new MACs at 14 hpm
(Figure 5C, WT-rescue). A time course study (Figure 5D, WT-
rescue) showed that approximately half of the exconjugants
from the WT-rescue strains at 12 hpm had heterochromatin
bodies (stage 2), and the heterochromatin bodies disappeared
(stage 3) from most of the exconjugants by 21 hpm. Whole-
genome sequencing of the new MACs at 36 hpm indicated
that the DNA elimination defect of the PDD1 KO cells (Figure 5E)
was rescued in the WT-rescue strains (Figure 5F). Consistently,
DNA-FISH analysis at 36 hpm indicated that although Tlr1 IESs
remained in the newMACs of PDD1 KO cells, they mostly disap-
peared in the new MACs of the WT-rescue strains (Figure S5B).
Moreover, the WT-rescue cells produced viable sexual progeny
(Figure S5C). Altogether, the expression of WT Pdd1p from the
parental MAC in the PDD1 KO background was sufficient to
restore all essential processes for DNA elimination, including
the formation of heterochromatin bodies. Therefore, the rescue
system can be used to analyze the functionalities of Pdd1p mu-
tants in vivo.
Pdd1p Dephosphorylation Promotes Heterochromatin
Body Formation by Reducing Net Negative Charge
We generated a series of constructs to express Pdd1p carrying
phosphor-mimicmutations, in which 10, 14, 18, or 22 of the iden-
tified phosphorylated Ser/Thr residues in the N-terminal and
hinge regions (NT, HNG1 and 2, respectively; Figure 5A) were
substituted with glutamic acid (Glu) (MIM10, MIM14, MIM18,
and MIM22, respectively; Figure 5B), and introduced them into
PDD1 KO cells. Cells expressing MIM10, MIM14, and MIM18
formed exconjugants with heterochromatin bodies at 14 hpm
(Figure 5C). Time course analyses (Figure 5D) revealed that
although the formation of heterochromatin bodies was delayed
in the MIM14 strain, approximately half of the exconjugants
from this strain formed heterochromatin bodies (stage 2) at
15 hpm, and the heterochromatin bodies disappeared (stage 3)
in some of the exconjugants at later stages. By contrast, in the
cells expressing MIM22, no heterochromatin bodies were de-
tected at any of the time points examined (Figures 5C and 5D,
MIM22). Nonetheless, Pdd1p and Jub1p accumulated similarly
in the WT-rescue and MIM22 strains (Figure S5D) and localized
properly on the IESs (Figure 5H). Moreover, in vitro peptide
pull-down assay showed that bacterially expressed full-length
WT (WT_FL) and the MIM22 mutant (MIM22_FL) Pdd1p similarly
bound to the peptides corresponding to H3K9me3 and
H3K27me3 (Figure S5E). Therefore, phosphor-mimic mutations
in the unconserved regions do not affect the interaction of
Pdd1p with the methylated histones. We conclude that the
failure of the MIM22 mutant to restore heterochromatin body
formation is due neither to instabilities in Pdd1p or Jub1p nor
to their absence from chromatin but to a functional disturbance
in Pdd1p’s heterochromatin body-forming activity. Although
the correlative occurrence of the dephosphorylation of
Pdd1p and heterochromatin body has been suggested (Madir-
eddi et al., 1996; Shieh and Chalker, 2013), this is the first
direct demonstration showing the functional link between the
two events.
The results above indicated that the more phosphor-mimic
mutations in Pdd1p, the stronger the defects in heterochromatin
body formation. We therefore hypothesized that the lack ofntal Cell 35, 775–788, December 21, 2015 ª2015 The Authors 781
Figure 5. Phosphor-Mimic Pdd1p Mutants Inhibit Heterochromatin Body Formation
(A) Thirty-one phosphorylated Ser (S)/Thr (T) residues of Pdd1p in WT cells at 8 hpm identified in this study and additional 2 residues (marked by asterisks)
identified by Tian et al. (2014) are shown as open circles. HNG1 and HNG2 indicate the non-conserved hinge regions between CD1 and CD2 and between CD2
and CSD, respectively.
(B) The WT, KO (DPDD1), and rescued loci (top) and the proteins expressed from the rescue constructs (bottom). Magenta circles indicate the introduced
phosphor-mimic mutations (Ser/Thr to Glu). Lys insertions are indicated with ‘‘K,’’ and substitutions from Gln (Q) or Asn (N) to Lys (K) are indicated with the
positions.
(legend continued on next page)
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heterochromatin body-forming ability in the phosphor-mimic
Pdd1p mutants was due to the increase in their net negative
charge. If this was the case, additional mutations supplying
positive charges to the phosphor-mimic Pdd1p mutant should
restore heterochromatin body formation. To test this idea,
we expressed MIM22 with six Lys insertions (MIM22+Ins6K;
Figure 5B) or MIM22 with six substitutions of glutamine and
asparagine for Lys (MIM22+Sub6K; Figure 5B) in the PDD1 KO
background. In these strains, the formation of heterochromatin
bodies was restored to a level similar to the strains expressing
MIM14 (Figures 5C and 5D), indicating that the lack of het-
erochromatin body-forming ability of MIM22 was due not to
structural disturbances, if any, caused by the 22 amino acid sub-
stitutions but to the constitutive increase in the net negative
charge. Altogether, we conclude that the dephosphorylation of
Pdd1p facilitates heterochromatin body formation by reducing
the net negative charge of Pdd1p.
Pdd1p Dephosphorylation Is Important for DNA
Elimination and Progeny Viability
DNA-FISH analyses showed that Tlr1 IESs were completely
eliminated in the exconjugants from WT-rescue and MIM10
cells. In contrast, only 40%, 19%, and 1% of the exconjugants
from MIM14, MIM18, and MIM22 cells, respectively, completed
DNA elimination of the Tlr1 IESs (Figure S5B). The DNA elimina-
tion defects of these phosphor-mimic mutants correlated with
their abilities to produce viable sexual progeny: 71%, 10%,
and 0.3% of mating pairs from WT-rescue, MIM10, and MIM14
cells, respectively, produced viable progeny, and no viable prog-
eny were obtained from MIM18 and MIM22 cells (Figure S5C).
Moreover, in the cells expressing the positive charge-added
MIM22 mutants (MIM22+Ins6K and MIM22+Sub6K), both IES
elimination and progeny production were restored to the level
of MIM14 cells (Figures S5B and S5C).
We next assessed genome-wide DNA elimination of the new
MACs of MIM22 cells at 36 hpm, as described above. RI scores
of different IESs were variable, ranging from 0.01—1 (Figure 5G),
indicating that different IESs were affected differently by the
MIM22 mutation. This is in contrast with JUB1 KO cells, in which
eliminations of most of the IESs were inhibited (Figure 3L). There-
fore, although the MIM22 mutation phenocopied JUB1 KO in
terms of heterochromatin body formation (Figures 2E, 3B, 5C,
and 5D) and progeny viability (Figures S3C and S5C), the DNA
elimination defect in MIM22 was less severe than that in JUB1
KO cells. This difference might be because Jub1p can still
regulate phosphorylation of the non-mutated Ser/Thr residues
of MIM22.
Phosphorylation Does Not Affect the Self-Interaction of
Pdd1p
We hypothesized that Pdd1p dephosphorylation might facilitate
heterochromatin body formation by promoting direct interac-(C) Cells at 14 hpm were stained with anti-Pdd1p (red) and anti-H3K9me3 (green
with an arrowhead (na). The scale bars represent 10 mm.
(D) Heterochromatin body in the exconjugants (n = 200) from the indicated PDD1
(E–G) The RI of each IES in PDD1 KO (E), WT-rescue (F), and MIM22 (G) strains wa
(H) Localization of Pdd1p and Jub1p in the new MACs of WT-rescue and MIM22
See also Figure S5.
Developmetion between the hinge regions of two Pdd1p molecules, which
is otherwise inhibited by the negatively charged phosphate
groups. To test this idea, we performed pull-down assays using
bacterially expressed, WT Pdd1p (WT_FL) and the MIM22 phos-
phor-mimic Pdd1p mutant (MIM22_FL) (Figure 6A). Maltose
binding protein-tagged WT_FL (MBP-WT_FL) and MIM22_FL
(MBP-MIM22_FL) were similarly co-precipitated with glutathione
S-transferase-tagged WT-FL (GST-WT_FL) (Figure 6B, lanes 9
and 10, asterisks). MBP-WT_FL and MBP-MIM22_FL were
also co-precipitated with GST-MIM22_FL (Figure 6B, lanes 11
and 12, asterisks). These results indicate that the phosphor-
mimic mutations do not prevent association of two Pdd1p
molecules.
Many HP1 family proteins form homodimers through their
CSDs (Cowieson et al., 2000). In addition, Swi6, the fission yeast
HP1, also multimerizes through its CD (Canzio et al., 2013). We
therefore speculated that Pdd1p might also multimerize through
a CD-CD or CSD-CSD interaction, which might compensate for
the effect of the phosphor-mimic mutations on a hinge-hinge
interaction in vitro. To test this possibility, we performed pull-
down assays using MBP-Pdd1p carrying either two amino acid
substitutions (W50A/W53A) in CD1 or a substitution (I456D) in
CSD (Figure 6A) that inhibit the CD-CD and the CSD-CSD inter-
action in Swi6, respectively (Canzio et al., 2013; Cowieson et al.,
2000). The I456Dmutation inhibited the co-precipitation of MBP-
Pdd1p with GST-WT_FL (Figure 6C, lane 17), but the W50A/
W53A mutations did not (Figure 6C, lane 16). Therefore, the
in vitro self-interaction of Pdd1p is mediated solely by CSD,
and the other domains, including the hinge regions, do not
support self-interaction. We conclude that the dephosphoryla-
tion of Pdd1p induces heterochromatin body formation not by
regulating the multimerization of Pdd1p but through some other
mechanism.
The dimerization of HP1 proteins through their CSDs facilitates
local heterochromatin compaction (Canzio et al., 2011; Cowie-
son et al., 2000). Because Pdd1p also homo-multimerizes
through its CSD and the phosphor-mimic mutations of Pdd1p
do not affect this homo-multimerization, dephosphorylation of
Pdd1p is not likely involved in the local compaction of hetero-
chromatin but rather specifically involved in heterochromatin
body formation. It has been reported that the Pdd1p CSD muta-
tion I456D causes a defect in heterochromatin body formation
in vivo (Schwope and Chalker, 2014). This defect may arise
because Pdd1p homo-multimerization is important for the local
compaction of heterochromatin, which is a prerequisite for het-
erochromatin body formation.
Phosphor-Mimic Mutations Inhibit RNA Binding of
Pdd1p
The hinge regions of mammalian HP1a and yeast Swi6 bind
to non-coding RNAs (ncRNAs) (Keller et al., 2012; Maison
et al., 2011), and RNase treatment of permeabilized mouse cells) antibody, and DNA was stained with DAPI (blue). The new MACs are marked
mutants was analyzed as in Figure 2E.
s calculated as in Figure 3J. Red horizontal line indicates RI = 1 (no elimination).
cells at 12 hpm were analyzed by ChIP-seq.
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Figure 6. Phosphor-Mimetic Mutations Do
Not Inhibit Self-Interaction of Pdd1p
(A) The recombinant Pdd1p proteins used for GST
pull-down assays. Magenta circles indicate the
introduced phosphor-mimic mutations (Ser/Thr
to Glu). Trp to Ala and Ile to Asp substitutions
are indicated as yellow triangles and squares,
respectively.
(B and C) Input proteins (lanes 1–6 and 13–15) and
proteins co-precipitated with the indicated GST-
tagged proteins (lanes 7–12 and 16–17) were
analyzed by SDS-PAGE followed by Coomassie
blue staining. Filled and open arrowheads indicate
MBP- and GST-tagged proteins, respectively.
Asterisks indicate co-precipitated MBP-tagged
proteins.disassembles the chromocenter (Maison et al., 2002). Because
ncRNAsare transcribed from IESs in thenewMAC inTetrahymena
(Aronica et al., 2008). We thought that ncRNAsmight mediate the
Pdd1p-Pdd1p interaction and thus the formation of heterochro-
matin bodies.
We performed an electrophoretic mobility shift assay (EMSA)
to test this possibility. The recombinant WT Pdd1p (WT_FL; Fig-
ures 7A and 7B) bound to a 723-nt single-stranded RNA (ssRNA)
complementary to EGFP (EGFP ssRNA) (Kd = 65 ± 15 nM) (Fig-
ure 7C). Multiple shifts were detected in this assay, indicating
that more than one Pdd1p molecule interacts with a single
EGFP ssRNA. WT_FL also bound to a 1,305-nt ssRNA comple-
mentary to Cal IES (Cal IES ssRNA) (Figure S6A). Furthermore,
the isolated two hinge regions of Pdd1p (WT_HNG1 and
WT_HNG2; Figures 7A and 7B) also bound to the EGFP ssRNA
(Kd = 130 ± 20 nM, Kd > 630 nM, respectively) (Figure 7D). We
conclude that Pdd1p interacts with RNA through its hinge re-
gions in a sequence-independent manner.
Similar EMSA experiments were performed with Pdd1p
harboring 14 or 22 phosphor-mimic mutations (MIM14_FL,
MIM22_FL; Figures 7A and 7B). Note that the MIM14 and
MIM22 show mild and severe heterochromatin body formation
defects in vivo, respectively (Figure 5D). MIM14_FL exhibited
weaker interaction with the EGFP ssRNA (Kd = 340 ± 14 nM)
compared with WT-FL, and MIM22_FL showed no detectable
interaction with the RNA (Figure 7E). Therefore, the phos-
phor-mimic mutations disrupt the RNA-Pdd1p interaction.784 Developmental Cell 35, 775–788, December 21, 2015 ª2015 The AuthorsImportantly, MIM22+Ins6K_FL, which
had insertions of 6 Lys residues into
MIM22_FL (Figures 7A and 7B), inter-
acted with the EGFP ssRNA with the af-
finity (Kd = 347 ± 31 nM) similar to that of
MIM14_FL (Figure 7E), indicating that
Pdd1p interacts with RNA not via its
specific residues but electrostatically
through the global positive charge of its
hinge regions.
DISCUSSION
In this study, we showed that the hetero-
chromatin body component Jub1p facili-tates the dephosphorylation of Pdd1p. Both JUB1 KO and
phosphor-mimic mutations of Pdd1p severely compromised
heterochromatin body formation and DNA elimination without
affecting local heterochromatin assembly. As far as we know,
these mutants are the first experimental system in any
eukaryote by which we can genetically separate roles of het-
erochromatin body from roles of the underlying local hetero-
chromatin. This study therefore provides the first evidence
that heterochromatin body per se has an essential biological
function.
RNA-GlueModel for Heterochromatin Body Formation in
Tetrahymena
Wepropose amodel for themolecularmechanismof heterochro-
matin body assembly during newMAC differentiation in Tetrahy-
mena (Figure 7F). First, Pdd1p is deposited onto IESs through its
interaction with H3K9/27me to form heterochromatin (step I). We
believe Pdd1p is phosphorylated prior to its chromatin deposi-
tion because Pdd1p was phosphorylated in EZL1 and TWI1 KO
cells (Figure S6B), which are defective in H3K9/27me accumula-
tion (Liu et al., 2004, 2007). At this stage (stage 1), heterochroma-
tinized IESs are distributed homogeneously in the new MAC.
Then, Jub1p localizes to heterochromatin and recruits a phos-
phatase (or phosphatases) to trigger Pdd1p dephosphorylation
(step II). This dephosphorylation reduces the net negative charge
of the hinge regions of Pdd1p and restores its RNA binding activ-
ity (step III). Because oneRNAmolecule can interactwithmultiple
Figure 7. Hinge Regions of Pdd1p Bind to RNA through Their Net-Positive Charge
(A) The recombinant Pdd1p proteins used for EMSA. Magenta circles indicate the introduced phosphor-mimic mutations (Ser/Thr to Glu). The Lys insertions are
indicated with ‘‘K.’’
(B) Proteins used were analyzed by SDS-PAGE followed by Coomassie blue staining. Asterisks indicate MBP-tagged Pdd1p proteins or MBP alone.
(C–E) A 723-ntEGFP ssRNA (10.4 nM)was titrated with the indicated proteins (0, 10.4, 26.3, 52.5, 78.3, 104, 158, 210, 420, and 630 nM) and separated by agarose
gel electrophoresis.
(F) A model for heterochromatin body formation.
See also Figure S6.Pdd1p molecules (Figure 7C), we propose that the Pdd1p-RNA
interaction ‘‘glues’’ multiple IESs into a heterochromatin body
(step III, stage 2). Finally, IESs are excised within the heterochro-
matin body compartments (stage 3).
Although this study clearly demonstrates that the dephos-
phorylation of Pdd1p plays a pivotal role in heterochromatin
body formation, why Pdd1p must be phosphorylated in the first
place remains unclear. ChIP-seq analysis indicated that a phos-
phorylation-defective Pdd1p mutant, in which 26 phosphory-
lated Ser/Thr residues were substituted with alanine, localizedDevelopmenormally on IESs (unpublished data). Therefore, Pdd1p phos-
phorylation is unlikely to be required for its chromatin deposition
but might only be required to regulate the timing of heterochro-
matin body formation. Alternatively, it may establish a chromatin
environment for some downstream event.
Our efforts to identify the phosphatase(s) of Pdd1p have been
unsuccessful. It has been proposed that Pdd1p dephosphoryla-
tion and heterochromatin body formation are triggered by DNA
elimination, based on the observation that UV irradiation induced
both of these events in the DNA elimination-defective LIA5 KOntal Cell 35, 775–788, December 21, 2015 ª2015 The Authors 785
cells (Shieh and Chalker, 2013). Although this notion is seemingly
contradictory to the fact that elimination of most IESs occurs
after heterochromatin body formation (Austerberry et al., 1984),
some IESs might be eliminated prior to heterochromatin body
formation, and DNA damage signaling caused by such DNA
elimination might upregulate phosphatase(s) for Pdd1p.
Currently, it is unclear which RNA species interact with Pdd1p
in vivo. We previously showed that at least some IESs in the new
MAC are transcribed to produce ncRNAs (Aronica et al., 2008).
Although these ncRNAs were suggested to be nascent tran-
scripts required for the interaction between the RNAi-machinery
and chromatin (Aronica et al., 2008), they might also interact with
Pdd1p. Future work should comprehensively identify Pdd1p-
associated RNAs in vivo.
Does RNA Glue Heterochromatin Bodies in Other
Eukaryotes?
The involvement of ncRNAs in heterochromatin body dynamics
is not a new concept but has been reported in other eukaryotes:
the mouse HP1a binds to ncRNA from major satellites, which
serves as a structural platform for recruiting heterochromatin
modulators for the assembly of chromocenters (Maison et al.,
2002, 2011); similarly, Xist coats the inactive X chromosome
and plays an important role in recruiting factors required for
Barr body formation (Hall and Lawrence, 2010). However, it is
unclear whether these ncRNAs are directly involved in hetero-
chromatin body formation or indirectly through regulation of
local heterochromatin. In Tetrahymena, an RNA binding-defec-
tive Pdd1p mutant (MIM22) inhibits heterochromatin body for-
mation without affecting local heterochromatin formation in vivo
(Figures 5C, 5D, and 5H) and Pdd1p homo-multimerization
in vitro (Figure 6B). Therefore, we believe this study provides
the first clear demonstration that RNA interaction with a hetero-
chromatin component plays a direct role in heterochromatin
body formation.
As for Tetrahymena Pdd1p, positively charged residues in the
hinge region of HP1 proteins in yeast (Swi6) and mammals
(HP1a) are critical for their electrostatic interactions with RNA
(Keller et al., 2012; Muchardt et al., 2002), and accumulating
evidences from phosphoproteomics suggest that most of the
phosphorylated residues of HP1 proteins are in the unconserved
region (Dephoure et al., 2008; Shimada et al., 2009; Wilson-
Grady et al., 2008; Zhai et al., 2008). Therefore, phosphorylation
of HP1 in many eukaryotes might also downregulate their RNA-
binding activities as it does in Pdd1p. In this context, it will
be interesting to study whether phosphorylations of the hinge
regions of HP1 proteins affect their RNA binding and whether
such regulation also plays a role in heterochromatin body
formation.
EXPERIMENTAL PROCEDURES
For detailed experimental procedures, see Supplemental Experimental
Procedures.
Protein and IES Localization Analyses
Immunofluorescent staining and DNA-FISH were performed as described
(Loidl and Scherthan, 2004; Noto et al., 2010). For immuno-DNA-FISH, fixed
cells were first hybridized with a Cy3-labeled Tlr1 probe and then used for
immunofluorescent staining.786 Developmental Cell 35, 775–788, December 21, 2015 ª2015 TheChIP-Seq and DNA Elimination Analysis
For ChIP-seq, the newMACs at 12 hpmwere fixed with Di(N-succinimidyl) glu-
tarate and paraformaldehyde and purified by FACS. DNA library was produced
from immunoprecipitated chromatin. For genome-wide DNA elimination anal-
ysis, DNA libraries were generated from the new MACs from 36 hpm exconju-
gants and the MICs from starved WT cells. For the both analyses, 50-nt single
sequence reads were generated by a HiSeq2000 platform. The MIC genome
sequence (version 2) was obtained from the Tetrahymena Comparative
Sequencing Project (Broad Institute of MIT and Harvard).
Progeny Viability Test
For JUB1 KO strains, a blasticidin S (bs)-resistance marker was introduced
into the MAC. Conjugating pairs were isolated at 8 hpm and bs-sensitive cells
were determined as sexual progeny. For thePDD1mutants, isolated cells were
examined for their resistance to paromomycin without CdCl2.
Identification of Pdd1p Phosphorylation Sites
Pdd1p in WT cells at 8 hpm was immunoprecipitated with an anti-Pdd1p anti-
body, digested with trypsin, chymotrypsin or subtilisin, and analyzed by mass
spectrometry.
Pull-Down Assays
For peptide pull-down assay, MBP-tagged proteins were precipitated with
beads coupled with peptides corresponding to the histone H3 N-terminal tail
and analyzed by western blot with an anti-MBP antibody. Mean enrichment
was calculated from three independent experiments. For GST pull-down
assay, GST- and MBP-tagged proteins were mixed, purified with glutathione
beads, and analyzed by SDS-PAGE followed by Coomassie blue staining.
EMSA
Fluorescein-12 labeled ssRNA complementary to EGFP (723 nt) or Cal IES
(1,305 nt) was incubated with MBP-tagged proteins and separated by agarose
gel electrophoresis, and the RNA was quantified. Means of dissociation con-
stant were calculated from more than two independent experiments.
ACCESSION NUMBERS
The accession number for the sequence data reported in this paper is GEO:
GSE70083.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and one data file and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2015.11.017.
ACKNOWLEDGMENTS
We thank Hiromi Tagoh (IMP, Vienna, Austria) and the Brennecke group (IMBA,
Vienna, Austria) for technical advice and the Next Generation Sequencing
unit of Campus Support Facility, Vienna BioCenter, for high-throughput
sequencing. This work was supported by a Naito Memorial Grant from the
Naito Foundation, a European Research Council Starting Grant (204986) under
the EuropeanCommunity’s 7th Framework Program, an Austrian Science Fund
stand-alone grant (P26032-B22), and core funding from the Austrian Academy
of Sciences.
Received: March 19, 2015
Revised: August 29, 2015
Accepted: November 17, 2015
Published: December 10, 2015
REFERENCES
Aronica, L., Bednenko, J., Noto, T., DeSouza, L.V., Siu, K.W., Loidl, J.,
Pearlman, R.E., Gorovsky, M.A., and Mochizuki, K. (2008). Study of an RNA
helicase implicates small RNA-noncoding RNA interactions in programmed
DNA elimination in Tetrahymena. Genes Dev. 22, 2228–2241.Authors
Austerberry, C.F., Allis, C.D., and Yao, M.C. (1984). Specific DNA rearrange-
ments in synchronously developing nuclei of Tetrahymena. Proc. Natl. Acad.
Sci. U S A 81, 7383–7387.
Callebaut, I., Courvalin, J.C., Worman, H.J., and Mornon, J.P. (1997).
Hydrophobic cluster analysis reveals a third chromodomain in the
Tetrahymena Pdd1p protein of the chromo superfamily. Biochem. Biophys.
Res. Commun. 235, 103–107.
Canzio, D., Chang, E.Y., Shankar, S., Kuchenbecker, K.M., Simon, M.D.,
Madhani, H.D., Narlikar, G.J., and Al-Sady, B. (2011). Chromodomain-medi-
ated oligomerization of HP1 suggests a nucleosome-bridging mechanism for
heterochromatin assembly. Mol. Cell 41, 67–81.
Canzio, D., Liao, M., Naber, N., Pate, E., Larson, A., Wu, S., Marina, D.B.,
Garcia, J.F., Madhani, H.D., Cooke, R., et al. (2013). A conformational switch
in HP1 releases auto-inhibition to drive heterochromatin assembly. Nature
496, 377–381.
Carone, D.M., and Lawrence, J.B. (2013). Heterochromatin instability in can-
cer: from the Barr body to satellites and the nuclear periphery. Semin.
Cancer Biol. 23, 99–108.
Chalker, D.L. (2008). Dynamic nuclear reorganization during genome remodel-
ing of Tetrahymena. Biochim. Biophys. Acta 1783, 2130–2136.
Chalker, D.L., and Yao, M.C. (2011). DNA elimination in ciliates: transposon
domestication and genome surveillance. Annu. Rev. Genet. 45, 227–246.
Chandra, T., Kirschner, K., Thuret, J.Y., Pope, B.D., Ryba, T., Newman, S.,
Ahmed, K., Samarajiwa, S.A., Salama, R., Carroll, T., et al. (2012).
Independence of repressive histone marks and chromatin compaction during
senescent heterochromatic layer formation. Mol. Cell 47, 203–214.
Cheng, C.Y., Vogt, A., Mochizuki, K., and Yao, M.C. (2010). A domesticated
piggyBac transposase plays key roles in heterochromatin dynamics and
DNA cleavage during programmed DNA deletion in Tetrahymena thermophila.
Mol. Biol. Cell 21, 1753–1762.
Chung, P.H., and Yao,M.C. (2012). Tetrahymena thermophila JMJD3 homolog
regulates H3K27 methylation and nuclear differentiation. Eukaryot. Cell 11,
601–614.
Cowieson, N.P., Partridge, J.F., Allshire, R.C., and McLaughlin, P.J. (2000).
Dimerisation of a chromo shadow domain and distinctions from the chromo-
domain as revealed by structural analysis. Curr. Biol. 10, 517–525.
Coyne, R.S., Stover, N.A., and Miao, W. (2012). Whole genome studies of
Tetrahymena. Methods Cell Biol. 109, 53–81.
Deng, X., Berletch, J.B., Nguyen, D.K., and Disteche, C.M. (2014). X chromo-
some regulation: diverse patterns in development, tissues and disease. Nat.
Rev. Genet. 15, 367–378.
Dephoure, N., Zhou, C., Ville´n, J., Beausoleil, S.A., Bakalarski, C.E., Elledge,
S.J., and Gygi, S.P. (2008). A quantitative atlas of mitotic phosphorylation.
Proc. Natl. Acad. Sci. U S A 105, 10762–10767.
Efroni, S., Duttagupta, R., Cheng, J., Dehghani, H., Hoeppner, D.J., Dash, C.,
Bazett-Jones, D.P., Le Grice, S., McKay, R.D., Buetow, K.H., et al. (2008).
Global transcription in pluripotent embryonic stem cells. Cell Stem Cell 2,
437–447.
Eskeland, R., Leeb, M., Grimes, G.R., Kress, C., Boyle, S., Sproul, D., Gilbert,
N., Fan, Y., Skoultchi, A.I., Wutz, A., and Bickmore, W.A. (2010). Ring1B com-
pacts chromatin structure and represses gene expression independent of
histone ubiquitination. Mol. Cell 38, 452–464.
Fillingham, J.S., Thing, T.A., Vythilingum, N., Keuroghlian, A., Bruno, D.,
Golding, G.B., and Pearlman, R.E. (2004). A non-long terminal repeat retro-
transposon family is restricted to the germ line micronucleus of the ciliated
protozoan Tetrahymena thermophila. Eukaryot. Cell 3, 157–169.
Fransz, P.F., and de Jong, J.H. (2002). Chromatin dynamics in plants. Curr.
Opin. Plant Biol. 5, 560–567.
Grau, D.J., Chapman, B.A., Garlick, J.D., Borowsky, M., Francis, N.J., and
Kingston, R.E. (2011). Compaction of chromatin by diverse Polycomb group
proteins requires localized regions of high charge. Genes Dev. 25, 2210–2221.
Hall, L.L., and Lawrence, J.B. (2010). XIST RNA and architecture of the inactive
X chromosome: implications for the repeat genome. Cold Spring Harb. Symp.
Quant. Biol. 75, 345–356.DevelopmeHorrell, S.A., and Chalker, D.L. (2014). LIA4 encodes a chromoshadow domain
protein required for genomewide DNA rearrangements in Tetrahymena ther-
mophila. Eukaryot. Cell 13, 1300–1311.
Jenuwein, T., and Allis, C.D. (2001). Translating the histone code. Science 293,
1074–1080.
Kataoka, K., and Mochizuki, K. (2011). Programmed DNA elimination in
Tetrahymena: a small RNA-mediated genome surveillance mechanism. Adv.
Exp. Med. Biol. 722, 156–173.
Keller, C., Adaixo, R., Stunnenberg, R., Woolcock, K.J., Hiller, S., and Bu¨hler,
M. (2012). HP1(Swi6) mediates the recognition and destruction of heterochro-
matic RNA transcripts. Mol. Cell 47, 215–227.
Kouzarides, T. (2007). Chromatin modifications and their function. Cell 128,
693–705.
Liu, Y., Mochizuki, K., and Gorovsky, M.A. (2004). Histone H3 lysine 9
methylation is required for DNA elimination in developing macronuclei in
Tetrahymena. Proc. Natl. Acad. Sci. U S A 101, 1679–1684.
Liu, Y., Taverna, S.D., Muratore, T.L., Shabanowitz, J., Hunt, D.F., and Allis,
C.D. (2007). RNAi-dependent H3K27 methylation is required for heterochro-
matin formation and DNA elimination in Tetrahymena. Genes Dev. 21, 1530–
1545.
Loidl, J., and Scherthan, H. (2004). Organization and pairing of meiotic chro-
mosomes in the ciliate Tetrahymena thermophila. J. Cell Sci. 117, 5791–5801.
Madireddi, M.T., Coyne, R.S., Smothers, J.F., Mickey, K.M., Yao, M.C., and
Allis, C.D. (1996). Pdd1p, a novel chromodomain-containing protein, links het-
erochromatin assembly and DNA elimination in Tetrahymena. Cell 87, 75–84.
Maison, C., Bailly, D., Peters, A.H., Quivy, J.P., Roche, D., Taddei, A., Lachner,
M., Jenuwein, T., and Almouzni, G. (2002). Higher-order structure in pericentric
heterochromatin involves a distinct pattern of histonemodification and an RNA
component. Nat. Genet. 30, 329–334.
Maison, C., Bailly, D., Roche, D., Montes de Oca, R., Probst, A.V., Vassias, I.,
Dingli, F., Lombard, B., Loew, D., Quivy, J.P., and Almouzni, G. (2011).
SUMOylation promotes de novo targeting of HP1a to pericentric heterochro-
matin. Nat. Genet. 43, 220–227.
Mochizuki, K., Fine, N.A., Fujisawa, T., and Gorovsky, M.A. (2002). Analysis of
a piwi-related gene implicates small RNAs in genome rearrangement in tetra-
hymena. Cell 110, 689–699.
Muchardt, C., Guilleme,M., Seeler, J.S., Trouche, D., Dejean, A., and Yaniv, M.
(2002). Coordinated methyl and RNA binding is required for heterochromatin
localization of mammalian HP1alpha. EMBO Rep. 3, 975–981.
Mutskov, V., Gerber, D., Angelov, D., Ausio, J., Workman, J., and Dimitrov, S.
(1998). Persistent interactions of core histone tails with nucleosomal DNA
following acetylation and transcription factor binding. Mol. Cell. Biol. 18,
6293–6304.
Narita, M. (2007). Cellular senescence and chromatin organisation. Br. J.
Cancer 96, 686–691.
Nikiforov, M.A., Smothers, J.F., Gorovsky, M.A., and Allis, C.D. (1999).
Excision of micronuclear-specific DNA requires parental expression of
pdd2p and occurs independently from DNA replication in Tetrahymena ther-
mophila. Genes Dev. 13, 2852–2862.
Noto, T., Kurth, H.M., Kataoka, K., Aronica, L., DeSouza, L.V., Siu, K.W.,
Pearlman, R.E., Gorovsky, M.A., and Mochizuki, K. (2010). The Tetrahymena
argonaute-binding protein Giw1p directs a mature argonaute-siRNA complex
to the nucleus. Cell 140, 692–703.
Politz, J.C., Scalzo, D., and Groudine, M. (2013). Something silent this way
forms: the functional organization of the repressive nuclear compartment.
Annu. Rev. Cell Dev. Biol. 29, 241–270.
Probst, A.V., and Almouzni, G. (2011). Heterochromatin establishment in
the context of genome-wide epigenetic reprogramming. Trends Genet. 27,
177–185.
Schwope, R.M., and Chalker, D.L. (2014). Mutations in Pdd1 reveal distinct re-
quirements for its chromodomain and chromoshadow domain in directing his-
tonemethylation and heterochromatin elimination. Eukaryot. Cell 13, 190–201.ntal Cell 35, 775–788, December 21, 2015 ª2015 The Authors 787
Shieh, A.W., and Chalker, D.L. (2013). LIA5 is required for nuclear reorganiza-
tion and programmed DNA rearrangements occurring during tetrahymena
macronuclear differentiation. PLoS ONE 8, e75337.
Shimada, A., Dohke, K., Sadaie, M., Shinmyozu, K., Nakayama, J., Urano, T.,
and Murakami, Y. (2009). Phosphorylation of Swi6/HP1 regulates transcrip-
tional gene silencing at heterochromatin. Genes Dev. 23, 18–23.
Taverna, S.D., Coyne, R.S., and Allis, C.D. (2002). Methylation of histone h3 at
lysine 9 targets programmed DNA elimination in tetrahymena. Cell 110,
701–711.
Tian, M., Chen, X., Xiong, Q., Xiong, J., Xiao, C., Ge, F., Yang, F., and Miao, W.
(2014). Phosphoproteomic analysis of protein phosphorylation networks in
Tetrahymena thermophila, a model single-celled organism. Mol. Cell.
Proteomics 13, 503–519.
Vogt, A., and Mochizuki, K. (2013). A domesticated PiggyBac transposase in-
teracts with heterochromatin and catalyzes reproducible DNA elimination in
Tetrahymena. PLoS Genet. 9, e1004032.788 Developmental Cell 35, 775–788, December 21, 2015 ª2015 TheWilson-Grady, J.T., Ville´n, J., and Gygi, S.P. (2008). Phosphoproteome anal-
ysis of fission yeast. J. Proteome Res. 7, 1088–1097.
Woehrer, S.L., Aronica, L., Suhren, J.H., Busch, C.J., Noto, T., and Mochizuki,
K. (2015). A Tetrahymena Hsp90 co-chaperone promotes siRNA loading by
ATP-dependent and ATP-independent mechanisms. EMBO J. 34, 559–577.
Wuitschick, J.D., Gershan, J.A., Lochowicz, A.J., Li, S., and Karrer, K.M.
(2002). A novel family of mobile genetic elements is limited to the germline
genome in Tetrahymena thermophila. Nucleic Acids Res. 30, 2524–2537.
Xu, J., Yuan, Y., Liang, A., andWang,W. (2015). Chromodomain protein Tcd1 is
required for macronuclear genome rearrangement and repair in Tetrahymena.
Sci. Rep. 5, 10243.
Zhai, B., Ville´n, J., Beausoleil, S.A., Mintseris, J., and Gygi, S.P. (2008).
Phosphoproteome analysis of Drosophila melanogaster embryos.
J. Proteome Res. 7, 1675–1682.
Zhu, Q., Pao, G.M., Huynh, A.M., Suh, H., Tonnu, N., Nederlof, P.M., Gage,
F.H., and Verma, I.M. (2011). BRCA1 tumour suppression occurs via hetero-
chromatin-mediated silencing. Nature 477, 179–184.Authors
